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The increasing size and flexibility of large wind turbine blades introduces considerable aeroelastic 10 
effects, which are caused by FSI (fluid structure interaction). These effects might result in 11 
aeroelastic instability problems, such as edgewise instability and flutter, which can be devastating 12 
to the blades and the wind turbine. Therefore, accurate FSI modelling of wind turbine blades is 13 
crucial in the development of large wind turbines. In this study, an FSI model for wind turbine 14 
blades at full scale is established. The aerodynamic loads are calculated using a CFD 15 
(computational fluid dynamics) model implemented in ANSYS FLUENT, and the blade structural 16 
responses are determined using a FEA (finite element analysis) model implemented in ANSYS 17 
Static Structural module. The interface of CFD and FEA is based on a one-way coupling, in which 18 
aerodynamic loads calculated from CFD modelling are mapped to FEA modelling as load 19 
boundary conditions. Validated by a series of benchmark computational tests, the one-way FSI 20 
model was applied to the modelling of WindPACT 1.5MW wind turbine blade, a representative 21 
large-scale horizontal-axis wind turbine blade. Five operational conditions are assessed, with the 22 
worst case found to be near the rated wind speed. Maximum tensile/compressive stresses and tip 23 
deflections in each case are found to be within material and structural limits, according to relevant 24 
design standards.  25 
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1. Introduction 30 
 31 
The size of large wind turbines has increased dramatically over the past three decades, from a 32 
rated power of 75kW with rotors of 17m diameter for earlier designs up to commercial 5MW 33 
turbines with rotors of 125m [1]. However, as a result of growth in size and flexibility of large 34 
wind turbine blades, the blades are becoming more susceptible to aeroelastic issues caused by FSI 35 
(fluid-structure interaction). Specifically, during the operation of wind turbines, the aerodynamic 36 
loads on the blade may cause blade deflection. This deflection can in turn lead to additional 37 
variation in the flow field, resulting in further load alteration. The interaction of fluid and structure 38 
may lead to aeroelastic instability problems, such as edgewise instability and flutter, which can 39 
have a devastating impact on the blade itself and the wind turbine as a system. Therefore, accurate 40 
FSI modelling of wind turbine blades is crucial in the development of large wind turbines [2]. 41 
 42 
FSI modelling requires both aerodynamic and structural components to establish both 43 
aerodynamic loads and the corresponding structural responses. Currently, there are a variety of 44 
methods for establishing these model components, and approaches for coupling them, in order to 45 
investigate FSI behaviour of wind turbine blades. 46 
 47 
For the aerodynamic component of FSI modelling, the BEM (blade element momentum) model 48 
[3] has been extensively applied due to its efficiency and reasonable accuracy. The high efficiency 49 
of the BEM model also makes it suitable for design optimisation, which generally involves a large 50 
number of design iterations. Based on the BEM model and different optimisation strategies, a 51 
series of case studies has been performed to optimise the aerodynamic performance for both fixed-52 
speed [4, 5] and variable-speed wind turbine blades [6, 7]. However, the BEM model is incapable 53 
of providing detailed information on the flow field, such as flow visualisation and wake 54 
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development. This information is important for wind turbine designers to have a better 55 
understanding of the flow field around the blade and to further optimise the design. Obtaining 56 
detailed information on the flow field requires CFD (computational fluid dynamics) modelling [8], 57 
which has been receiving greater attention in recent years due to the rapid advancement of 58 
computer technology. Compared to BEM model, the CFD model is more computationally 59 
expensive, but it is capable of accurately modelling complex 3D (three-dimensional) flow fields 60 
and representing realistic fluid dynamics more accurately[9-11]. Due to its high level of accuracy 61 
and flexibility, the CFD model is chosen as the aerodynamic component of FSI modelling in this 62 
study.  63 
 64 
For the structural component of FSI modelling, beam models and FEA (finite element analysis) 65 
models are the two most common approaches referred in the literature [12, 13]. Beam models are 66 
1D (one-dimensional) representations of 3D structures which discretise properties such as stiffness 67 
and mass into points along the 1D beam. They are computationally efficient and generally give 68 
reasonable results. Based on a nonlinear beam model, Wang et al. [14] developed a nonlinear 69 
aeroelastic model for wind turbine blades, taking account of both large blade deflections and 70 
geometric nonlinearities. The beam model is characterised by cross-sectional properties, such as 71 
mass per unit length and cross-sectional stiffness, which can be obtained by using specialised 72 
cross-sectional analysis models [15]. However, a beam model is incapable of providing some 73 
important information for the blade design, such as detailed stress distributions within the blade 74 
structure. In an FEA model, wind turbine composite blades are generally constructed using 3D 75 
composite shell elements, which are capable of describing composite layer characteristics 76 
throughout the shell thickness. FEA model has the advantages of being high-fidelity and capable 77 
of examining the detailed stress distributions within each layer of composite blade structure [16]. 78 
For this reason, FEA model is selected as the structural component of FSI modelling in this paper. 79 
 80 
The coupling methods for FSI modelling can be roughly categorised into two groups, i.e. two-way 81 
coupling and one-way coupling. In a two-way coupling approach, typically the aerodynamic 82 
model is solved to acquire load data separately. These loads are then mapped to the structural 83 
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model as boundary conditions and used to generate the model deflection. This deflection is then 84 
mapped back to the aerodynamic model and the process is repeated until result convergence is 85 
achieved. However, whilst full coupling produces the most accurate results through effective 86 
model synchronisation, it is computationally expensive due to the frequent transfer of information 87 
between models during each time step. In a one-way coupling model, the aerodynamic loads are 88 
mapped to the structural model to assess model deflection in the same way as two-way coupling. 89 
However, these deflections are not mapped back to the aerodynamic model. Compared to the two-90 
way coupling, the one-way coupling saves much computational resources, making it preferable for 91 
initial modelling purposes.  Considering the computational efficiency, the one-way coupling is 92 
selected as the coupling method of FSI modelling in this study. 93 
 94 
Presently, the majority of commercial aeroelastic codes (such as FAST [17], GH-Bladed [18] and 95 
HAWC2 [19]) utilise variations of low-order aerodynamic models (e.g. BEM model) to model 96 
aerodynamic loading [12, 13]. However, in order to establish complex 3D flow accuracy, higher 97 
resolution methods are required.  98 
 99 
Studies have been carried out to couple higher resolution methods (such as FEA and CFD) for FSI 100 
modelling, and a comprehensive review of aeroelastic modelling of wind turbine blades can be 101 
found in Ref. [20].  It should be noted that a wind turbine blade generally has complex structures 102 
including several layers of composite materials with shear webs. Due to the difficulties in 103 
modelling and analysing a full-scale wind turbine composite blade, majority of FSI modelling 104 
have been done on either 2D cross sections of blades or 3D blades with simplified structures. 105 
MacPhee and Beyene [21] developed a 2D FSI model to simulate the aeroelastic response of a 106 
symmetric NACA 0012 blade subjected to variable loading.  Krawczyk et al. [22] developed a 107 
similar 2D FSI model based on CFD and FEA and applied it to aeroelastic analysis of a NACA 108 
4412 blade. Bagheri and Nejat [23] developed a 3D FSI model and applied it to aeroelastic 109 
analysis of NREL Phase VI rotor. The torque and pressure coefficient at different blade sections 110 
over wind speed of 7 to 15 m/s were investigated based on the 3D FSI model. However, the 111 
composite blade was simplified by a solid blade (stiffer than the real one) subtracting an inner-112 
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subpart cross section. In order to develop a reliable aeroleastic model of wind turbine composite 113 
blades, it is crucial to model the composite blades at full scale and consider the detailed composite 114 
layups.  115 
 116 
This paper presents a one-way coupled FSI model for wind turbine composite blades at full scale, 117 
taking account of detailed composite layups of the blade. The aerodynamic loads are calculated 118 
using CFD and blade structural responses are determined using FEA. The coupling strategy is 119 
based on the one-way coupling strategy, in which aerodynamic loads calculated from CFD 120 
modelling are mapped to FEA modelling as load boundary conditions. The established FSI model 121 
is validated by a series of benchmark tests as compared with data reported in the literature, and 122 
applied to the FSI simulation of WindPACT 1.5MW horizontal-axis wind turbine [24], which is a 123 
representative of megawatt-class horizontal-axis wind turbines. In addition to horizontal axis wind 124 
turbines, the established FSI model can be also applied to other similar applications, such as 125 
vertical axis wind turbines[25] and tidal devices [26], due to its high flexibility. 126 
 127 
This paper is structured as follows. Section 2 presents the methodology comprising four 128 
components, i.e. wind turbine model, CFD modelling, FEA modelling and one-way FSI coupling. 129 
Results and discussions are presented in Section 3, followed by a conclusion in Section 4. 130 
 131 
2. Methods 132 
 133 
2.1. Wind turbine model 134 
 135 
The wind turbine model used in this study is the WindPACT 1.5MW wind turbine [24, 27-29], 136 
which is a reference wind turbine designed by NREL (National Renewable Energy Laboratory) in 137 
the WindPACT (Wind Partnership for Advanced Component Technologies) project between years 138 
2000 and 2002. This wind turbine is a conventional three-bladed upwind horizontal-axis wind 139 
turbine, utilising variable-speed variable-pitch control. The details of the WindPACT 1.5MW 140 
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wind turbine can be found in Refs. [24, 27-29], and its main parameters are summarised in Table 141 
1. The blade includes two shear webs and three types of airfoils, i.e. S818, S825 and S826. The 142 
modelled 3D geometry of the blade is presented in Fig. 1. 143 
 144 
Table 1. Main parameters of WindPACT 1.5MW wind turbine 145 
Parameters Values Units 
Rated Power ra tedP  1.5 MW 
Number of blades BN  3 - 
Rotor radius R  35 m 
Rated wind speed ra tedV  11.5 m/s 
Rate rotor speed ra ted:  20.5 rpm  
 146 
 147 
Figure 1. 3D geometry model of WindPACT 1.5MW wind turbine blade 148 
 149 
2.2. CFD modelling 150 
 151 
A CFD model of wind turbine blades is established using ANSYS FLUENT [30], which is a 152 
widely used CFD modelling software. The CFD model is then applied to the CFD modelling of 153 
WindPACT 1.5WM wind turbine blades. The computational domain and boundary conditions, 154 
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mesh, turbulence model, solution method and convergence criteria used in the CFD modelling are 155 
presented in this section.  156 
 157 
2.2.1. Computational domain and boundary conditions 158 
 159 
As the wind turbine model is symmetrical about its centre of rotation, the three blades can be 160 
modelled using a single blade in a 120º radial stream tube domain segment with periodic faces to 161 
reduce solution times. The computational domain and boundary conditions for the model are 162 
depicted in Fig. 2.  163 
 164 
Figure 2. Computational domain and boundary conditions for CFD modelling 165 
 166 
The upstream velocity inlet is defined with a 120m radius, offset 90m from the blade and set to the 167 
free-stream wind velocity. The pressure outlet is specified at atmospheric pressure and defined 168 
with a 240m radius, set back 350m from the turbine blade. The outer surface of the domain is also 169 
considered as a velocity inlet with the same velocity as the primary inlet. Further, experiments [31, 170 
32] have shown that wake expansion behind the blade due to the blade rotation is a conical 171 
expansion, and therefore the domain in this study uses a conical shape to allow for the wake 172 
expansion. The blade is regarded as a stationary non-slip wall, and a rotation frame is applied to 173 
the whole computational domain to take account of the rotor rotational speed. This avoids the need 174 
for a rotating mesh and allows an inherently unsteady problem to be modelled using a steady-state 175 
simulation, significantly reducing computational time.  176 
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2.2.2. CFD mesh 177 
 178 
Fig. 3 presents the mesh used in the CFD modelling. As can be seen from Fig. 3a, the 179 
computational domain is meshed with unstructured mesh. As illustrated in Fig. 3b, prismatic 180 
inflation layers are applied to the blade surfaces to have a better resolution of boundary layer flow. 181 
Twenty prismatic inflation layers are used, with an expansion rate of 1.35. The first layer height is 182 
4.8e-6m, leading to a small y  value (less than 1) around the whole blade surface, as depicted in 183 
Fig. 4. y is a non-dimensional wall distance, and it is given by [30]: 184 
Q
yuy * 
               (1) 185 
where *u  is the friction velocity at the nearest wall, y  is the distance to the nearest wall, Q  is the 186 
local kinematic viscosity of the fluid. In order to ensure accurate modelling of the boundary layer, 187 
y
 value of less than 1 is recommended [12, 30].  188 
       189 
(a)              (b)  190 
Figure 3. CFD mesh: a mesh of the computational domain, b prism layers on blade surfaces 191 
 192 
 193 
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 194 
Figure 4. Blade y+ distribution 195 
 196 
In order to determine appropriate cell face size at blade surfaces, a mesh sensitivity study is 197 
carried out. In this case, the wind speed, rotor rotational speed and pitch angle are 8m/s, 15rpm 198 
and 2.6 degree, respectively. Four cell face size at blade surfaces are investigated, i.e. 0.4m, 0.2m, 199 
0.1m and 0.05m, and the mesh size of the remaining surface is chosen as 1.8m for all cases. The 200 
associated total number of elements and the calculated rotor torque are presented in Fig. 5 and 201 
Table 2. As can be seen from Fig. 5 and Table 2, the rotor torque converges at a mesh size of 202 
0.1m. Further refining mesh size to 0.05m only obtain 2.51% relative different, but it increase the 203 
total number of elements from 2.2 million to 5.5 million, which significantly increases the 204 
computational time. Considering computational time and accuracy, the mesh size of 0.1 is deemed 205 
as the appropriate cell face size at blade surfaces for CFD modelling in this study. 206 
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 207 
Figure 5. Rotor torque mesh convergence 208 
 209 
Table 2. Summary of CFD mesh sensitivity results 210 
Item Cell face size at blade surfaces 
0.4m 0.2m 0.1m 0.05m 
Rotor torque [Nm] 199,002 283,416 347,490 356,431 
Total number of elements 997,219 1,273,460 2,178,899 5,460,679 
 211 
2.2.3. Turbulence model 212 
 213 
The turbulence model used for this study is the Zk  SST (shear-stress transport) model. This 214 
two-equation model developed by Menter [33], has the benefit of being able to switch from a 215 
Hk  turbulence model [34], suited to simulating far field flows, to a Zk  turbulence model 216 
[35], suited to modelling the boundary layer. This model has been used extensively in studies 217 
involving wind turbine blades with favourable results [36, 37]. 218 
 219 
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The transport equations for SST model used to calculate the turbulent kinetic energy k  and the 220 
specific dissipation rate Z  can be obtained from Ref. [30].  221 
 222 
2.2.4. Solution method 223 
 224 
As the problem is in the subsonic region and well below 0.3 Mach, the air can be considered as 225 
incompressible [38]. Due to this, the fluid density is approximately constant and has been taken as 226 
1.225kg/m2. The viscosity is also considered to be constant at 1.7894x10-5 kg/ms-1. The 227 
incompressible RANS (Reynolds-Averaged Navier-Stokes) equations are solved using the 228 
pressure-based coupled algorithm, which solves the momentum and pressure-based continuity 229 
equations in a closely coupled manner. Compared to the pressure-based segregated algorithm, in 230 
which the momentum and pressure-based continuity equations are solved separately, the pressure-231 
based coupled algorithm significantly improves the convergence rate [30].  232 
 233 
2.2.5. Convergence criteria 234 
 235 
In order to assess the convergence of the CFD analysis, two criteria are used in this study, i.e. 236 
residual values and net mass imbalances. 237 
 238 
x Residual values 239 
 240 
The residual is one of the mostly used criteria assessing CFD solution convergence. In this study, 241 
the residual values of six variables (i.e. continuity, x velocity, y velocity, z velocity, turbulent 242 
kinetic energy k  and the specific dissipation rate Z ) are monitored during the calculation process.  243 
The solution is deemed to be converged when these residual values below than 10-4 [39, 40], 244 
which is the typical value used for residual convergence criterion in the CFD modelling of wind 245 
turbine blades. An example of history of residual values is depicted in Fig. 6. In this case, the wind 246 
speed, rotor rotational speed, pitch angle are 8m/s, 15rpm, 2.6 degree respectively. As can be seen 247 
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from Fig. 6, the residual values of all variables are less than 10-4, meeting the convergence 248 
criterion. 249 
 250 
Figure 6. Residuals 251 
 252 
x Net mass imbalance 253 
 254 
In order to further confirm the convergence, the net mass imbalance is checked. The net mass 255 
imbalance of an analysis to be deemed converged should be less than 0.1% [41]. 256 
 257 
2.2.6. Solve and post-process results 258 
 259 
The fluid flow problems involved in this study is highly nonlinear in nature. Therefore, CFD 260 
solution must be calculated iteratively. In this study, the number of iteration is set to 1,500, which 261 
is a relatively large number ensuring enough iteration to be performed. Additionally, the standard 262 
initialisation method is used, and the initial values are computed from inlet boundary.  263 
 264 
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After the solution is converged, the CFD analysis results, such as aerodynamic pressures and 265 
torque acting on the blade can be then plotted using post-processing functions of ANSYS 266 
FLUENT.  267 
 268 
2.3. FEA modelling 269 
 270 
A FEA model of wind turbine composite blades is established using ANSYS Static Structural 271 
module [42], which is a widely used FEA modelling software. The FEA model is then applied to 272 
the FEA modelling of WindPACT 1.5WM wind turbine blades. The geometry, material 273 
properties, composite layups, mesh and boundary conditions used in the FEA modelling are 274 
presented in this section.  275 
 276 
2.3.1. Geometry 277 
 278 
The geometry of the WindPACT 1.5MW wind turbine blade is created based on the aerodynamic 279 
shape information (i.e. chord, twist angle and sectional airfoil shape) given in Refs. [24, 27-29]. 280 
The created blade geometry is depicted in Fig. 1 of Section 2.1. 281 
 282 
2.3.2. Material properties  283 
 284 
The WindPACT 1.5MW wind turbine blade is made of five types of materials, i.e. gel coat, 285 
random mat, CDB340 triaxial fabric, balsa and spar cap mixture (70% unidirectional and 30% 286 
triaxial fabric). A summary of properties of these materials are presented in Table 3. 287 
 288 
# 289 
 290 
 291 
 292 
 293 
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Table 3. Material properties [29] 294 
Material 
xE  (GPa) yE  (GPa) xyG  (GPa) xyQ   U  (kg/m3) 
Gel coat 3.44 3.44 1.38 0.3 1230 
Random mat 9.65 9.65 3.86 0.3 1670 
CDB340 triaxial fabric 24.2 8.97 4.97 0.39 1700 
Balsa 2.07 2.07 0.14 0.22 144 
Spar cap mixture 27.1 8.35 4.7 0.37 1700 
(where 
xE  LVWKHORQJLWXGLQDO<RXQJ¶VPRGXOXV yE  LVWKHODWHUDO<RXQJ¶VPRGXOXV xyG  is the 295 
shear modulus; xyQ  LVWKH3RLVVRQ¶VUDWLR U  is the material density) 296 
 297 
2.3.3. Composite layups  298 
 299 
The schematic of the blade structure is depicted in Fig. 7.  300 
 301 
Figure 7. Schematic of blade structure 302 
 303 
As can be seen from Fig. 7, the blade structure consists of three part, i.e. blade root, blade shell 304 
and shear webs, of which composite stacks are presented below. 305 
 306 
x Blade root 307 
 308 
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The blade root does not include a balsa core and is mainly constituted of a spar cap mixture. The 309 
composite stacks of the blade root are presented in Table 4. 310 
 311 
Table 4. Composite stacks of blade root [29]  312 
Layer Material Thickness [mm] 
1 Gel coat 0.51 
2 Random mat 0.38 
3 Triaxial fabric 0.89 
4 Spar cap mixture 15.0 
5 Triaxial fabric 0.89 
 313 
x Blade shell 314 
 315 
Composite layups of the blade shell have a core thickness that is defined as a function of blade 316 
geometry, i.e. chord length c or airfoil thickness t . Table 5 presents the composite layups of 317 
blade shell. 318 
 319 
Table 5. Composite layups of blade shell [29] 320 
Layer Material Thickness [mm] 
1 Gel coat 0.51 
2 Random mat 0.38 
3 Triaxial fabric 0.89 
4 
   0% - 15% c  
   15% - 50% c  
   50% - 85% c  
 
Balsa 
Spar cap mixture 
Balsa  
 
0.5% c  
specified % ct /  
1.0% c  
5 Triaxial fabric 0.89 
 321 
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In Table 5, the specified % ct /  for the spar cap mixture transitions from 8.3 at 25% blade span 322 
to 6.5 at 75% blade span. 323 
 324 
x Shear webs 325 
 326 
The shear webs consist of triaxial fabric and balsa. Table 6 presents the composite layups of the 327 
shear webs. 328 
 329 
Table 6. Composite stacks of shear webs [29] 330 
Layer Material Thickness [mm] 
1 Triaxial fabric 0.89 
2 Balsa 1.0% c  
3 Triaxial fabric 0.89 
 331 
2.3.4. FEA mesh  332 
 333 
The blade structure is meshed using structured mesh with shell elements. In order to determine 334 
appropriate mesh size, a mesh sensitivity exercise is carried out, considering four mesh sizes, i.e. 335 
0.4m, 0.2m, 0.1m and 0.05m. In this exercise, the blade is non-rotating, and a fixed boundary 336 
condition is applied to the blade root. The first 6 modal frequencies of the blade are evaluated, and 337 
the analysis results are presented in Table 7. As can be seen from Table 7, the modal frequencies 338 
converge at a mesh size of 0.1m, with a maximum relative difference (0.047%) occurring for the 339 
1st edgewise mode when compared to further mesh refinement with a mesh size of 0.05m. 340 
Therefore, 0.1m is deemed as the appropriate mesh size.   The created mesh is depicted in Fig. 8a, 341 
and a close view of the blade tip is presented in Fig. 8b.  342 
 343 
 344 
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 345 
(a) 346 
 347 
(b) 348 
Figure 8. FEA Mesh: a blade, b close view of blade tip 349 
 350 
Table 7. FEA mesh sensitivity analysis 351 
ID Mode frequencies 0.4m  
sizing 
0.2m 
sizing 
0.1m  
sizing 
0.05m  
sizing 
Diff (%) 
1 1st flapwise (Hz) 1.0411 1.0555 1.0508 1.0512 0.038 
2 1st edgewise (Hz) 1.7081 1.7030 1.7003 1.7011 0.047 
3 2nd flapwise (Hz) 2.8747 2.9303 2.9329 2.9336 0.024 
4 2nd edgewise (Hz) 5.0439 4.9846 4.9672 4.9685 0.026 
5 3rd flapwise (Hz) 6.2477 6.3835 6.3978 6.3985 0.011 
6 4th flapwise (Hz) 9.9076 10.000 10.034 10.038 0.040 
(Notes: diff (%) column presents the relative difference of 0.1m sizing with respect to 0.05m 352 
sizing) 353 
 354 
2.3.5. Boundary conditions 355 
 356 
In addition to aerodynamic loads, there are two other important sources of loads on the blades, i.e. 357 
1) gravity loads, which are introduced by the gravity acting on the blades; and 2) centrifugal loads, 358 
which are caused by the rotation of the blades. In this study, the rotor rotational speed is applied to 359 
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the blade structure to take account of the centrifugal loads, and the gravity loads are also applied 360 
to the blade structure as a static load. Additionally, a fixed boundary condition is applied to the 361 
blade root.  362 
 363 
2.3.6. Solve and post-process results 364 
 365 
Having defined blade geometry, material properties, composite layups, mesh and boundary 366 
conditions, different types of structural analysis, such as static analysis and modal analysis can be 367 
performed. The analysis results, such as blade deformations, stress distributions and modal shapes 368 
can be then plotted using post-processing functions of ANSYS software. 369 
 370 
2.4. One-way FSI coupling 371 
 372 
The coupling method of the FSI modelling is based on the one-way coupling. The fluid field is 373 
solved using CFD until the convergence criteria are reached. The aerodynamic pressures on the 374 
blade obtained from CFD modelling are then mapped to the FEA model as load boundary 375 
conditions. After that, the FEA model is use to calculated the structural responses of the blade 376 
(such as deformation and stress distributions) subjected to aerodynamic, gravity and centrifugal 377 
loads. The schematic of the one-way FSI modelling is presented in Fig. 9. The details of CFD and 378 
FEA in the FSI model are presented previously in Sections 2.2 and 2.3, respectively.   379 
 380 
Figure 9. Schematic of one-way FSI modelling 381 
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3. Results and discussions 382 
 383 
Based on the method presented in Section 2, a one-way FSI model for horizontal-axis wind 384 
turbine blades is established and validated by a series of benchmark calculation tests. The 385 
components of the one-way FSI model, i.e. the aerodynamic component based on CFD and the 386 
structural component based on FEA, are validated independently. After the validation, the FSI 387 
model is applied to the FSI modelling of the WindPACT 1.5MW wind turbine blade to examine 388 
its pressure distributions, deflections and stress distributions.  389 
 390 
3.1. Comparison with established models 391 
 392 
The validation of the FSI model comprises two parts: 1) validation of its aerodynamic component 393 
against available power curve data reported in the literature; and 2) validation of its structural 394 
component against modal analysis results reported in the literature. 395 
 396 
3.1.1. Validation of CFD model 397 
 398 
In order to validate the CFD model presented in Section 2.2, two case studies are performed. In 399 
the first case study, the power curve from the CFD model is compared with the results from NREL 400 
FAST code [17].  In the second case study, the blade pressure coefficients pC  from the CFD 401 
model are compared with the results from inviscid model.  402 
 403 
3.1.1.1. Comparison with NREL FAST code 404 
 405 
This case study aims to validate the CFD model presented in Section 2.2 against FAST code [17], 406 
in which aerodynamic loads are calculated based on BEM (blade element momentum) model. 407 
FAST code has been developed by NREL (National Renewable Energy Laboratory) to model both 408 
two- and three-bladed horizontal-axis wind turbines, and it has been widely used in wind turbine 409 
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research organisations and industrial practices. In 2005, GL (Germanisher Lloyd), one of the 410 
leading certification organisations in wind energy field, issued FAST a certification on its load 411 
calculation of onshore wind turbines [17].  In this study, the WindPACT 1.5MW wind turbine 412 
blade is simulated at five different operational conditions, of which free-stream wind speed, rotor 413 
rotational speed and blade pitch angle are presented in Fig.10 and Table 8. 414 
 415 
Figure 10. Operational conditions 416 
 417 
Table 8. Operational conditions  418 
Operational 
condition ID 
Free-stream 
wind speed 
[m/s] 
Rotor rotational speed 
 [rpm] 
Blade pitch angle 
[deg.] 
1 8 15.0 2.6 
2 12 20.5 7.4 
3 16 20.5 16.0 
4 20 20.5 22.0 
5 24 20.5 26.7 
 419 
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The CFD model presented in Section 2.2 is used to calculate the torque of the WindPACT 1.5MW 420 
wind turbine rotor under the above five operational conditions. After obtaining the rotor torque T , 421 
the generator power GP  can be easily determined using the following equation: 422 
KTPG :             (4) 423 
where :  is the rotor rotational speed; K  is the drivetrain efficiency with a value of 0.925 given 424 
in Ref. [27].  425 
 426 
Fig. 11 presents the comparison of the results calculated from the CFD model and the FAST code 427 
results reported in Ref. [43].  428 
 429 
Figure 11. Generator power of WindPACT 1.5MW wind turbine  430 
 431 
As can be seen from Fig. 11, the results from the CFD model show reasonable agreement with the 432 
results from FAST code, with maximum percentage difference (18.6%) occurring at wind speed of 433 
8m/s. This confirms the validity of the CFD model. 434 
 435 
3.1.1.2. Comparison with inviscid model 436 
 437 
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For each operational condition presented in Table 8, the non-dimensional pressure coefficient pC  438 
is taken at two spanwise sections (i.e. R750.  and R9710. ), corresponding to airfoil profiles 439 
S825 and S826. pC  plots obtained from CFD are compared to the inviscid pressure distributions 440 
for each airfoil at the sectional angle of attack reported in a NREL report [44]. The comparison 441 
results are presented in Figs. 12 to 16. 442 
         443 
    (a)                 (b) 444 
Figure 12. 8m/s case pC  contours: a S825 at q 8D , b S826 q 6D  445 
     446 
(a)               (b) 447 
Figure 13. 12m/s case pC  contours: a S825 at q 4D , b S826 at q 2D  448 
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    449 
        (a)                 (b) 450 
Figure 14. 16m/s case pC  contours: a S825 at q 0D , b S826 at q 3D  451 
    452 
      (a)                 (b) 453 
Figure 15. 20m/s case pC  contours: a S825 at q 2D , b S826 at q 6D  454 
    455 
      (a)                 (b) 456 
Figure 16. 24m/s case pC  contours: a S825 at q 4D , b S826 at q 7D  457 
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As can be seen from Figs. 12 to 16, the results from CFD shown reasonable agreement with the 458 
results from inviscid model, both in terms of distribution shape and pC  magnitude. It should also 459 
be noted that, compared to CFD model, over predictions of leading edge pressure peaks are 460 
observed in inviscid model. This is caused by the use of potential theory in inviscid model. 461 
Specifically, as viscous effects are not considered in potential theory, the fluid accelerates away 462 
from leading edge stagnation points at a greater rate than in reality, due to a lack of viscous-463 
induced aerodynamic drag. This over predictions of leading edge pressure peaks in inviscid model 464 
has been shown to occur in other studies when comparing potential flow theory to experimental 465 
data [45, 46]. Additionally, the sectional angles of attack are calculated using NREL FAST code 466 
under the same flow condition with the CFD model, but the calculated values have been rounded 467 
because the inviscid plots are only available at fixed integer values. This may also lead to 468 
discrepancies between the inviscid plots and CFD results. 469 
  470 
3.1.2. Validation of FEA model 471 
 472 
This case study aims to validate the FEA model presented in Section 2.3 against modal 473 
frequencies provided in the Sandia NuMAD Blade Model Report [29]. The FEA model presented 474 
in Section 2.3 is used to perform the modal analysis of the WindPACT 1.5MW wind turbine 475 
blade. In this case, the blade is non-rotating and free-vibration (no loads on the blade). A fixed 476 
boundary condition is applied to the blade root. The first six blade modal shapes (including four 477 
flapwise modes and two edgewise modes) obtained from the FEA model are depicted in Figs. 17 478 
and 18.  479 
 480 
 481 
 482 
 483 
 484 
 485 
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 486 
(a) 487 
 488 
(b) 489 
 490 
(c) 491 
 492 
(d) 493 
Figure 17. Modal shapes of blade flapwise modes: a 1st, b 2nd, c 3rd, d 4th  494 
       495 
 (a)            (b) 496 
Figure 18. Modal shapes of blade edgewise modes: a 1st, b 2nd  497 
 498 
The modal frequency results from the present FEA model are compared against the FEA results 499 
reported in the Sandia NuMAD Blade Model Report [29], as shown in Fig. 19.  500 
26 
 
 501 
Figure 19. Mode frequencies of WindPACT 1.5MW wind turbine blade 502 
 503 
As can be seen from Fig. 19, the flapwise and edgewise blade mode frequencies calculated from 504 
the present FEA model match well with the FEA results reported in Ref. [29], with maximum 505 
percentage difference (2.6%) observing at the 4th flapwise mode. This confirms the validity of the 506 
present FEA model. 507 
 508 
3.2. FSI modelling results 509 
 510 
Based on the one-way FSI model, the pressure distributions, deflections and stress distributions of 511 
the WindPACT 1.5MW wind turbine blade under five operational conditions (see Table 8) are 512 
examined.  513 
 514 
3.2.1. Pressure distributions 515 
 516 
For each operational condition (see Table 8), pressure contours on both blade front (pressure) and 517 
back (suction) sides are produced, as shown in Fig.20. 518 
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      519 
(a)              (b) 520 
       521 
(c)             (d) 522 
 523 
(e) 524 
Figure 20. Blade pressure distributions: a 8m/s case, b 12m/s case, c 16m/s case, d 20m/s case, e 525 
24m/s 526 
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Initially, as can be seen from Figs. 20a and 20b, the highest negative pressures are observed on the 527 
leading edge of blade suction surface, and the highest positive pressures occur near the leading 528 
edge of blade pressure surface. However, as the blade is pitched towards feathering, the blade 529 
becomes more parallel (collinear) with the airflow. This causes the stagnation points to be shifted 530 
onto the suction surface, resulting in lower negative pressures on the rear of the blade due to 531 
reduced air velocity. The pitching action also results in faster moving airflow over the underside 532 
of the blade, leading to suction on the pressure surface. This results in a pressure sign reversal 533 
between the two surfaces. 534 
 535 
3.2.2. Deflections 536 
 537 
The blade total deformations under five operational conditions are depicted in Fig. 21. 538 
 539 
 540 
 541 
 542 
 543 
 544 
 545 
 546 
 547 
 548 
 549 
 550 
 551 
 552 
 553 
 554 
 555 
29 
 
 556 
(a)                 (b)  557 
 558 
(c)                 (d)  559 
 560 
(e)  561 
Figure 21. Blade total deformations: a 8m/s case, b 12m/s case, c 16m/s case, d 20m/s case, e 562 
24m/s case 563 
 564 
As can be seen from Fig. 21, for all operational conditions, the maximum deformation occurs on 565 
the blade tip. The blade-tip flapwise and edgewise deflections under five operational conditions 566 
are presented in Fig. 22. 567 
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 568 
Figure 22. Blade-tip flapwise and edgewise deflections 569 
 570 
As can be seen from Fig. 22, the blade-tip deflection increases as the wind speed approaches 571 
12m/s. However, as the blade is increasingly pitched towards feathering above the wind speed of 572 
12m/s, the blade-tip deflection decreases. This increasing-decreasing deflection behaviour is 573 
supported by the pressure distributions shown in Fig. 20, as pressures at blade pressure side are 574 
seen to first increase from 8 to 12m/s and then blade pressures become increasing more balanced 575 
on upper and lower surfaces from 12 to 24m/s as the blade is pitched. It is therefore intuitive that 576 
this would result in increasing-decreasing deflection as shown in Fig. 22.  577 
 578 
Additionally, the turbine hub is specified with an overhang (tower clearance) of 3.3m. The 579 
maximum blade-tip flapwise deflection 1.785m (observed at wind speed of 12m/s) is much lower 580 
than this value, indicating the blade is not likely to strike on the tower under the given five 581 
operational conditions. 582 
 583 
3.2.3. Stress distributions 584 
 585 
All five operational conditions are considered for the blade stress analysis. Both compressive and 586 
tensile stresses are examined in the triaxial fabric, the third layer of the composite blade. A 587 
comparison of maximum compressive and tensile stresses in this material for five cases are shown 588 
in Table 9. As can be seen from Table 9, both maximum tensile and compressive stresses occur at 589 
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wind speed of 12m/s, corresponding to maximum blade-tip flapwise deflection. The stress 590 
distributions of the blade for five cases are presented in Fig. 23. As can be seen from Fig. 23, the 591 
majority of maximum stresses are found to occur in the blade root region, primarily at its junction 592 
between the shear webs. However, for the 24m/s case (see Fig. 23e), due to a reduced root 593 
bending moment, the maximum tensile and compressive stresses are identified at the blade suction 594 
surface, in leading edge panels 21m and 22.75m from the root, respectively.  595 
 596 
Table 9. Triaxial fabric peak stress comparison 597 
U(m/s) Material Layer 
Max Tensile 
Stress (Pa) 
Max Compressive 
Stress (Pa) 
8 Triaxial fabric 3 5.66E+07 -5.64E+07 
12 Triaxial fabric 3 8.25E+07 -8.30E+07 
16 Triaxial fabric 3 5.12E+07 -5.12E+07 
20 Triaxial fabric 3 3.51E+07 -3.42E+07 
24 Triaxial fabric 3 1.76E+07 -2.14E+07 
 598 
 599 
 600 
 601 
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 603 
 604 
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 606 
 607 
 608 
 609 
 610 
 611 
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    612 
(a)                (b)  613 
       614 
(c)              (d)  615 
 616 
(e)  617 
Figure 23. Normal stress distributions: a 8m/s case, b 12m/s case, c 16m/s case, d 20m/s case, e 618 
24m/s case 619 
 620 
Under the worst case with wind speed 12m/s, the maximum tensile stress (positive normal stress) 621 
and maximum compressive stress (negative normal stress) are respectively found to be 82.5MPa 622 
and 83.0MPa, ZKLFK DUH ZHOO EHORZ WKH WULD[LDO IDEULF¶V PD[LPXP WHQVLOH Dnd compressive 623 
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strength (typically in the order to 200-300MPa [47]). According to GL design standard [48] and 624 
Refs. [49, 50], the material safety factor for wind turbine composite blades is 2.204. In this case 625 
study, the minimum material safety factor is about 2.4, which is higher than 2.204. This indicates 626 
the blade is unlikely to experience material failure under the given five operational conditions.  627 
 628 
4. Conclusion 629 
 630 
In this study, a FSI (fluid structure interaction) model for horizontal-axis wind turbine blades has 631 
been established by coupling CFD (computational fluid dynamics) and FEA (finite element 632 
analysis). The coupling strategy is based on one-way coupling, in which the aerodynamic loads 633 
calculated by CFD modelling are mapped to FEA modelling as load boundary conditions. 634 
Validated by a series of benchmark computational tests, the FSI model was applied to the FSI 635 
modelling of WindPACT 1.5MW wind turbine blade, a representative of large-scale horizontal-636 
axis wind turbine blades. The following conclusions can be drawn from the present study: 637 
1) Reasonable agreement (with maximum percentage difference of 18.6%) is achieved in 638 
comparison with FAST code, which confirms the validity of the aerodynamic component (based 639 
on CFD) of the FSI model.  640 
2) Good agreement (with maximum percentage difference of 2.6%) is achieved in comparison 641 
with the modal frequencies provided in the Sandia NuMAD Blade Mode Report, which confirms 642 
the validity of the structural component (based on FEA) of the FSI model. 643 
3) Based on the FSI model, the blade pressure distributions, deflections and stress distributions are 644 
examined under five operational conditions (wind speed 8m/s, 12m/s, 16m/s, 20m/s and 24m/s). 645 
4) The blade pressure coefficients pC  from the present model show reasonable agreement with 646 
the results from inviscid model, both in terms of distribution shape and magnitude.  647 
5) The maximum blade-tip flapwise deflection (1.785m) is observed at 12m/s wind speed case, 648 
which is lower than the tower clearance (3.3m), indicating the blade is not likely to strike on the 649 
tower under the given five operational conditions.  650 
34 
 
6) The maximum tensile stress and maximum compressive stress at the third layer of composite 651 
blade are respectively found to be 82.5MPa and 83.0MPa, which are well below the material 652 
strength limits, indicating the blade is unlikely to experience material failure under the given five 653 
operational conditions.  654 
 655 
Additionally, the established one-way FSI model can be also applied to other similar applications, 656 
such as vertical axis wind turbines and tidal devices, due to its high flexibility. 657 
 658 
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